38. SKNO-1 and K562 were treated for 3 days (c = 10 mM). Kasumi-1 cells were treated for 4 days (c = 50 mM). The percentage of colony numbers relative to the controls is depicted. Statistical significance according to paired two-tailed t-test. I. Compound 7.44 triggers apoptotic or necroptotic processes in SKNO-1 cells. SKNO-1 cells were treated with compounds 7.44 or 7.38 for 7 days and stained with Annexin-V and propidium iodide (PI). The percentage of living (AnnexinV/PI-) and apoptotic/necroptotic (Annexin-V/PI + ) cells is shown. Statistical significance determined by unpaired two-tailed t-test unless otherwise stated in the text. n=3. Bar diagrams show mean ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001.
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the NHR2 domain of RUNX1/ETO. 5 One of these compounds, 7.44, was of particular interest as it showed biological activity in vitro and in vivo.
Compound 7.44 mimics three essential amino acids (WED) at the tetramerization hot-spot of the NHR2 dimer, thereby blocking RUNX1/ETO tetramerization (Online Supplementary Figure 1A and 1B) . 4 We analyzed the DNA-binding capacity of fusion-proteins containing the DNA-binding domain of RUNX1/ETO juxtaposed to the oligomerization domain of either RUNX1/ETO (RUNX1/NHR2) or the unrelated oncogenic tyrosine kinase BCR/ABL (RUNX1/BCR). 6 A biotinylated oligonucleotide derived from the RUNX1/ETO binding region within the RUNX3 promoter was used as DNA-binding target. Incubation of the double-stranded RUNX3-oligonucleotide with RUNX1/NHR2 or RUNX1/BCR haematologica 2017; 102:e171 LETTERS TO THE EDITOR Figures 1C and 1D) . A control compound, 7.38, which does not interfere with NHR2 dimer-tetramer transition 5 , did not significantly influence DNA-binding of either polypeptide to the oligonucleotide (Online Supplementary  Figures 1C and 1D) , suggesting that compound 7.44 impairs DNA-binding of RUNX1/NHR2 through inhibition of NHR2-mediated tetramerization as the DNA binding capacity of the RUNX1/BCR peptide was not affected. We next analyzed the proliferation capacity of t(8;21)-positive and RUNX1/ETO-dependent SKNO-1 and Kasumi-1 cells upon treatment with compounds 7.44 and 7.38. Compound 7.44 (but not 7.38) triggered a significant reduction in the proliferation of RUNX1/ETOexpressing cells. In contrast, proliferation of K562 cells, which are independent of RUNX1/ETO expression, was unaffected by either compound (Figures 1A-C) . The antiproliferative effect of 7.44 was accompanied by a significant increase in differentiation as demonstrated by elevated CD11b expression levels (P=0.0001) ( Figure 1D ). This effect was absent in K562 cells treated with 7.44 or in RUNX1/ETO-expressing cells treated with the control compound 7.38 ( Figure 1D ). Granulocytic differentiation of SKNO-1 cells in response to 7.44 was evidenced by the presence of segmented nuclei, whereas compound 7.38- treated cells remained undifferentiated similar to untreated control cells ( Figure 1E ). In line with this, SKNO-1 cells exhibited a significant reduction in the nucleus-tocytoplasm ratio (P=0.003) in response to compound 7.44 treatment, while treatment with compound 7.38 did not alter cell morphology ( Figure 1F ). Upon treatment with compound 7.44, Kasumi-1 cells showed reduced c-KIT surface receptor expression levels in a dose-dependent manner, while c-KIT expression in the non-RUNX1/ETO dependent HEL cell line remained unaffected ( Figure 1G) . Moreover, the colony forming ability of compound 7.44-treated SKNO-1 and Kasumi-1 cells was significantly reduced (P=0.01), while RUNX1/ETO negative K562 cells did not show this effect ( Figure 1H ). In addition, treatment of SKNO-1 cells with compound 7.44 led to an accumulation of dead cells by apoptotic or necroptotic processes as demonstrated by AnnexinV/PI staining at day seven of treatment ( Figure 1I) . Thereafter, we analyzed the effect of compound 7.44 on RUNX1/ETO-mediated repression of gene expression. SKNO-1 cells treated with 20 mM 7.44 or 7.38 for 3 days were analyzed for the expression levels of the RUNX1/ETO target genes CD244, HCK, NFE2, OGG1, C/EBPa and PU.1 7 using real time PCR. We found a significant increase in the expression levels of all analyzed genes in cells treated with 7.44 compared to cells treated with 7.38 (Online Supplementary Figure 2A) . Subsequently, we carried out chromatin immunoprecipitation (ChIP) assays to demonstrate that RUNX1/ETO binding to CD244, OGG1 and RUNX1 promoters was reduced in the presence of compound 7.44, but unchanged in the presence of 7.38 (Online Supplementary Figure 2B) , which explains the up-regulation of RUNX1/ETO target genes in the presence of compound 7.44.
Furthermore, we analyzed the inhibitory activity of compound 7.44 on RUNX1/ETO-expressing primary human hematopoietic CD34 + cells and primary CD34 + AML samples. G-CSF-mobilized peripheral blood CD34 + cells were transduced with a retroviral construct containing a C-terminal truncated form of RUNX1/ETO similar to RUNX1/ETO9a, 8 hereafter called RUNX1/ETOtr. In this system, RUNX1/ETOtr confers increased self-renewal capacity to CD34 + cells, which then grow continuously in a cytokine-dependent manner. After 50 days in culture, only RUNX1/ETOtr-expressing cells survive (Figure 2A) . These cells are then completely dependent on sustained RUNX1/ETOtr expression and oligomerization for continuous expansion ex vivo. 9 We treated the RUNX1/ETOtr-transformed CD34 + cells with compound 7.44 or compound 7.38 at a concentration of 100 mM. As expected, only compound 7.44 triggered a significant growth reduction (P = 0.0002) of RUNX1/ETOtr-expressing human primary progenitors, while non-treated cells or RUNX1/ETOtr cells treated with compound 7.38 were insensitive to treatment ( Figure 2B ). This anti-proliferative effect of compound 7.44 was accompanied by increased cellular differentiation as measured by CD11b surface marker expression, and reduction in colony forming ability ( Figures. 2C and 2D) . In contrast, treatment with compound 7.38 did not have any effect on cell differentiation or colony forming ability ( Figures 2C and  2D) . Likewise, treatment of non-transduced CD34 + cells with compound 7.44 did not affect colony formation potential. Similar to the observations with Kasumi-1 and SKNO-1 cells, 7.44 treatment of RUNX1/ETO-dependent CD34 + cells triggered apoptotic/necroptotic processes as estimated by Annexin V staining ( Figure 2E ). Moreover, a reduction in cell numbers was observed upon treatment of primary CD34 + AML samples with compound 7.44 in culture (c = 75 mM; Figure 2F ), most likely caused by decreased proliferation as estimated from Ki67-labeling experiments (Online Supplementary Figure 3) .
Lastly, we asked if treatment with compound 7.44 also reduces RUNX1/ETO driven tumor growth in vivo. We intravenously injected 2 x 10 6 Kasumi-1 cells expressing a luciferase reporter gene into immunocompromised NSG mice. At week 8 post-injection, animals were randomized into two groups and treated i.p. with compounds 7.44 (n = 8) or 7.38 (n = 7) at a dose between 200 and 250 µg/Kg per animal per day, five times per week. Leukemia development was monitored by bioluminescence imaging for a total of 130 days. Compound 7.44 significantly reduced the dissemination of leukemic cells over the treatment period when compared to animals treated with compound 7.38 (P=0.0047; Figure 3A-B) . At day 130 post-treatment, 75% of the animals treated with compound 7.44 were still alive, whereas 85% of those treated with the control compound 7.38 had to be sacrificed due to the rapid growth and dissemination of leukemic cells.
To date, several other inhibitors of RUNX1/ETO tetramerization have been described. Oridonin, a diterpenoid isolated from medicinal herbs, has been shown to mediate RUNX1/ETO cleavage at D188 in a caspase 3-dependent manner, thereby generating polypeptides that interfered with RUNX1/ETO tetramerization. 10 We have used a-helical peptides mimicking the NHR2 domain for similar purposes. 9 In all of these cases, RUNX1/ETO oncogenic function was abrogated, leading to a decrease in self-renewal capacity, colony-forming ability, and increased differentiation of RUNX1/ETO expressing cells, clearly demonstrating that targeting RUNX1/ETO tetramerization is a reasonable approach to inhibit its oncogenic function. Importantly, the complete disruption of RUNX1/ETO tetramers is not necessary for blocking RUNX1/ETO's transforming capacity. A shift from tetramer to dimer is already sufficient to induce cellular differentiation in RUNX1/ETO-expressing cells.
4,9
Compound 7.44 has been shown to interfere with c-Jun phosphorylation and JNK signaling.
11 As RUNX1/ETO function partially depends on JNK function, 12,13 the effects of 7.44 on JNK activity may also account for the effects described in our work. However, compound 7.44 has no effect on the proliferation potential of the BCR/ABL-positive K562 cells, in which the JNK pathway is essential for BCR/ABL transformation and maintenance.
14,15 These observations suggest that the main mode of action of compound 7.44 is by interfering with the formation or the stability of the RUNX1/ETO tetramer complex.
Compound 7.44, the first-in-class small molecule to disrupt RUNX1/ETO tetramerization, could serve as a lead structure to guide the development of structurally related compounds with increased binding affinity, improved bioavailability, and enhanced anti-leukemic effects to inhibit RUNX1/ETO oncogenic function in t(8;21) acute myeloid leukemia. 
